Dual phase (DP) steels have been investigated using a new approach utilizing simple cold-rolling and subsequent intercritical annealing of a martensite-ferrite duplex starting structure. The ferrite grain size and volume fraction of martensite were varied by changing the rolling reduction and intercritical annealing time. Ultrafine grained DP (UFG-DP) steel with an average grain size of about 2 μm was achieved by short intercritical annealing of the 80% cold-rolled duplex microstructure. Tensile testing revealed superior mechanical properties (the ultimate tensile strength of 1 100 MPa and elongation of 13%) for the new DP steel in comparison with the commercially used high strength DP980 steel. The variations in hardness, strength and elongation of the specimens with rolling reduction and intercritical holding time were correlated to microstructural characterizations. The inherent mechanism for strengthening of the DP steel was discussed and the contribution of each strengthening factor was quantitatively calculated. The results showed that the calculated yield strength (430.6 MPa) is very close to the measured value (422 MPa).
Introduction
Advanced high strength steels (AHSS) have been introduced to the automotive industry as a solution for weight reduction, passenger safety, vehicle performance, fuel efficiency and cost saving. Among them, dual phase (DP) steels developed from conventional low alloy steel consisting of martensite (with high strength) and ferrite (with good elongation) phases, could present a very desirable combination of strength and ductility. The low yield ratio, high work hardening rate and continuous yielding are other advantages of these steels. 1) According to the results of the ULSAB-AVC (Ultra Light Steel Auto Body-Advanced Vehicle Concept) partnership project, an automotive body could be constructed by utilizing approximately 85% of AHSS, achieving a weight reduction of ~25% compared with a bench-marked average base model without any increase in the manufacturing costs. In particular, DP steels occupies quite large portion, over 70%, in the materials selection of ULSAB-AVC project. 2) Although DP steels have better mechanical properties as compared to conventional high strength low alloy steels, there is always the desire to improve them further and at the same time to make them cost effective. A few studies have been done on the fabrication of fine-grained DP steels with good mechanical properties using alloying additions. Terao and Cauwe 3) reported that addition of high Mn content (3 wt.%) to DP steels resulted in fine dispersion of martensite leading to higher tensile strength and good ductility. Adding alloying elements like Mo, Nb, Ta and B led to further improvement of mechanical properties of the high Mn DP steels. Tsipouridis et al. 4) used C-Mn (0.1-1.5 wt.%) steel with 0.8 wt.% Mo and Cr additions to create fine DP structures. It is also reported that grain refinement had a positive effect on the ultimate tensile strength and yield strength values, but no conclusion was made on the hole-expansion behaviour, which plays a crucial role in fracture analysis.
The conventional methods employed to strengthen the DP steels either involved adding alloying element (increases the material cost) or increasing the carbon content (hinders weldability). Over the years new processing routes have been developed in the laboratory to increase the strength and ductility by microstructure refinement rather than adding alloying elements. Shin et al. 5) and Park et al. 6) combined equal channel angular pressing (ECAP) with an intercritical annealing step for fabrication of UFG-DP structures. Tsuji 7) processed UFG DP structures by accumulative roll bonding (ARB) and subsequently intercritical annealing. ECAP and ARB are very cumbersome (if not impossible) to employ in a commercial steel processing line and have limitation on the sample size and shape. Mukherjee et al. 8) and Hong and Lee 9) also produced fine grained DP steels by using the deformation-induced ferrite transformation (DIFT) technique. Calcagnotto et al. 10) and Song et al. 11) used large strain warm deformation to produce fine DP structures. DIFT and warm deformation are again not very promising due to huge deformation induced at high temperatures. Azizi-Alizamani et al. 12) developed UFG-DP steels by rapid intercritical annealing. The major drawback of this approach is the very high heating and cooling rates needed (300°C/s © 2015 ISIJ and 1 000°C/s, respectively). In the above researches, grain refinement with simultaneous improvement of mechanical properties was attempted by changing either starting microstructures or the processing routes. However, the potential of these processing routes to be employed industrially is thought to be very slim. Nevertheless, further studies could be useful for industrial production of such steels.
In the present study, fine DP structures were fabricated by employing cold-rolling and intercritical annealing of a martensite-ferrite duplex starting microstructure. The thermomechanical process with the ferrite and martensite duplex structure is reported by Okitsu et al. 13) However, their work has conducted the annealing below austenite formation start temperature; whereas this work uses the phase transformation after cold rolling. Short intercritical annealing treatment is an advantage of this rather simple technique; moreover the numbers of processing steps are considerably reduced. In addition, the yield strength of DP steels expressed as function of lattice friction stress, solid solution, grain refinement and dislocation strengthening.
Experimental Procedure

Materials
The steel used in this investigation was AISI 5115 with the chemical composition presented in Table 1 . The material was received as hot forged plate with a thickness of 6 mm. Hot forged sheets were cut to several specimens with 50 × 30 × 6 mm 3 dimensions.
Thermomechanical Processing
The processing route performed on the low carbon steel to develop ferrite-martensite DP steels is shown in Fig. 1 . Initially ferrite-pearlite structures were austenitized at 880°C for 60 min in an electrical furnace. In order to prevent severe decarburization, cast iron swarfs were used to protect samples during heating. Then, the intercritical annealing at 770°C for 100 min and subsequently water quenching was conducted prior to cold-rolling to obtain a duplex martensite-ferrite structure. This process made the sample easier for cold rolling. The annealing temperature of 770°C laid between the lower (A1) and upper (A3) temperature of two-phase ferrite and austenite region of the investigated steel, so that the samples just had an austeniticferritic structure. For this study, the A1 and A3 temperatures were determined by a dilatometry experiment, as shown in Fig. 2 .
The resulting duplex structure was subsequently coldrolled up to 50% and 80% reductions (equivalent plastic strain of about 0.8 and 1.9, respectively) in a laboratory mill using machine oil as lubricant and rolling speed of 350 rpm with reduction of about 0.05 mm at each pass. The next processing step involved heating to the intercritical annealing region (heating rate ~ 1°C/s) at 770°C and held for different times of 6, 8, 10 and 12 min. Finally, the specimens were directly quenched in water to room temperature (cooling rate ~ 300°C/s), in which the phase transformation from austenite to martensite occurred.
On one hand, UFG-DP structures were fabricated by employing lower heating and cooling rates. On the other hand, UFG microstructures were obtained by relatively low plastic strain through conventional cold-rolling compared to an extremely high equivalent strain of over 4 or 5 which is required to produce the UFG microstructures through ECAP and ARB. So definitely, duplex starting structures seem to be a potential processing route to produce UFG DP steels.
Characterizations
Microstructural analysis was carried out on the transverse direction (TD), i.e. the plane perpendicular to both the rolling direction (RD) and normal direction (ND). The sectioned specimens were mounted, ground and polished till 4 000 grit finish followed by polishing with 1 μm alumina suspension and etched in 2% Nital solution. Microstructures were characterized using Philips XL30 scanning electron microscopy (SEM). Grain size measurements were conducted using Image J software. The martensite volume fraction was measured by painting the martensite islands from SEM micrographs and calculated the area of the painted grains using image analyzing software.
Hardness measurement was performed using a Vickers microhardness tester under a load of 10 N and dwell time of 5 s. The hardness of the main constituents of the DP microstructure (ferrite and martensite) was evaluated from the load-penetration depth curves obtained in nanoindentation tests using a nanoindentation tester (NHTX S/N: 01-03119, CSM Instruments). The indentations were made to a maximum load of about 70 mN and under loading and unloading rate of 140 mN/min. Tensile specimens (15 mm gauge length, 5 mm width, 1.2 mm thickness) were machined in RD, using electro discharge machining method. Tensile tests were carried out at a constant cross head speed of 1 mm/min with Hounsfield H50KS machine.
Results and Discussions
Microstructures
Intercritical annealing at 770°C for 100 min followed by water quenching resulted in a duplex microstructure composed of ferrite matrix and martensite islands as shown in Fig. 3(a) . The ferrite and martensite volume fractions were 44 and 56%, respectively. The 80% cold-rolled duplex structure is shown in Fig. 3 (b). The ferrite matrix exhibited a wavy microstructure elongated roughly along RD and bent around the martensite islands. This indicated that a complex plastic flow is occurred such that a higher strain is introduced in the softer ferrite matrix by the hard martensite phase. Such a strain distribution between soft phase (ferrite) and hard phase (martensite) is the key factor for the formation of fine ferrite-martensite microstructure in the present thermomechanical treatment. As shown, the martensite islands were also deformed to some extent in cold-rolling. The strain introduced to the martensite should be smaller than that of the ferrite matrix, because martensite is much harder than ferrite.
This microstructure is then heated to the intercritical region (770°C held for different times of 6, 8, 10 and 12 min) and subsequently quenched to room temperature to achieve DP steels. Figure 4 shows the DP structures formed by intercritical annealing of cold-rolled duplex microstructure under different conditions of rolling reduction and intercritical holding time. The SEM micrographs show a uniform ferrite phase (light gray region) with an embedded martensite phase (dark gray region). Nakada et al. 14) discussed the effect of rolling reduction and heating rates on the formation of DP structure by taking into account the competition between recrystallization and reversion on heating (Fig. 5) . They reported that increasing rolling reduction or lowering heating rate enhanced recrystallization on heating before the onset of reversion, while the undeformed martensite never caused recrystallization irrespective of heating rate. This suggests that deformed materials in the present work hardly recrystallizes before reversion takes place under 1°C/s heating rate (Fig. 5(b) ), which agrees well with the formation of chain-networked fine structures shown in Fig. 4 .
The martensite volume fraction (VM) is clearly increased with increasing rolling reduction and intercritical holding time, as observed in Figs. 4(a)-4(h). Figure 6 shows the variation of VM by rolling reduction and intercritical holding time. Increasing the holding time increases the austenite volume fraction, which then will transform to martensite upon quenching in the water. Therefore, VM increased with increasing intercritical annealing time, as reported by Qu et al. 15) and Azizi-Alizamini et al. 12) As shown in Fig. 3(b) , microstructural feature of the cold-rolled duplex structure is consisted of high density of ferrite/martensite interfaces which can be nucleation sites for austenite formation (Fig.  5(b) ). Increasing the rolling reduction increases the ferrite/ martensite interfaces. This can potentially increase the preferable nucleation site density and austenite volume fraction (VM at room temperature).
The produced DP microstructures exhibited the average ferrite grain size (dF) of about 5.24, 4.48, 4.05 and 3.35 μm corresponding to the 50% rolling reduction and intercritical holding times of 6, 8, 10 and 12 min, respectively. With increasing intercritical holding time, dF seemed to decrease slightly. It was found that higher amounts of the martensite phase caused finer ferrite grains. 16) In case of the 80% coldrolled samples, dF was smaller and the variation of dF with intercritical holding time was different to that of 50% rolling reduction. After 80% cold-rolling and intercritical annealing for 6, 8, 10 and 12 min, the resulted DP microstructures showed the dF of about 2.86, 2.25, 2.40 and 2.78 μm, respectively. The DP structure became finer with increasing rolling reduction, because of the heavier prior deformation. The dF of the samples decreased by increasing intercritical holding time from 6 to 8 min due to the increase in the VM, 16) and then increased with further annealing time. However, the differences are rather small.
It seems that after 80% rolling reduction, increasing the dF at intercritical annealing times above 8 min in spite of higher VM, can be related to the ferrite grain growth because of the high stored energy. Azizi-Alizamini et al. 12) also reported that the volume fraction of coarse ferrite grains increased with increasing intercritical annealing time. Figure 7 shows the hardness variation of both 50 and 80% cold-rolled samples with increasing intercritical annealing time. It is seen that the hardness is increased with increasing both the rolling reduction and annealing time. As it is well known, the hardness of a DP steel is a function of volume fraction of the constituent phases and their hardness. The increase in rolling reduction and intercritical holding time increases hardness of the DP steel due to increasing volume fraction of harder second phase (martensite), as reported by Movahed et al. 17) According to the rule of mixtures, hardness of a DP steel (HVDP) can be written as Eq. (1) The values of HVF and HVM for the finest DP structure were experimentally determined as 120 and 367 HV, respectively, as shown in Fig. 8 . The calculated hardness value of the finest DP steel (VM = 39.2%) is 217 HV, which meets well with the experimental value (223 HV).
Tensile Properties
The representative engineering stress-strain curves and the corresponding tensile data are presented in Fig. 9 and Table 2 , respectively. The stress-strain curves of the asreceived sample exhibited discontinuous yielding ( Fig.  9(a) ). While, after intercritical annealing, specimens showed the typical characteristics of DP steels, i.e., continuous yielding, low yield ratio, etc. Ferrite yields discontinuously in the absence of martensite, however, it yields differently when used as the matrix in DP steels. [18] [19] [20] The yielding of ferrite in DP steels is continuous suggesting that the initiation of plastic flow in the ferrite matrix occurs in a gradual and continuous manner. 21) The continuous yielding of DP 
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steels can be attributed to the presence of internal stresses within the ferrite matrix originated from the transformation strains associated with the martensite transformation as well as the plastic incompatibility between the constituent phases. Internal stresses cause microyielding of the ferrite at regions around the martensite islands under relatively low applied stresses compared with the yield stress of bulk ferrite. Consequently, plastic flow begins simultaneously in many regions within the ferrite matrix throughout the microstructure.
22)
Yield strength (YS) and ultimate tensile strength (UTS) of the 80% cold-rolled sample after intercritical annealing at 770°C for 12 min reached about 700 and 1 100 MPa, respectively equivalent to over 100% enhancement compared to that of the as-received state (YS: 430 and UTS: 540 MPa). It is quite noticeable that, in spite of much higher strength, the steel with the new microstructure showed higher uniform elongation (UE) compared to the as-received state (UE: 9%). The higher strengths of the DP steels are known to be due to the presence of the harder second phase.
23) The strengthening effect of martensite has been attributed to three main factors:
(1) The martensite phase can carry a substantial load which is transferred from the ferrite matrix.
(2) Martensite can affect the deformation behaviour (flow stress and work hardening behaviour) of the ferrite matrix by introducing internal stress. 16, 24) This is a feature in twophase materials which results from the strain gradient between the constituent phases with different deformation behaviours. The geometrically necessary dislocations (GNDs) are required to accommodate this strain gradient and to allow compatible deformation of constituent phases.
(3) The presence of martensite can affect the ferrite phase due to the additional dislocations introduced into the ferrite structure in the vicinity of martensite islands as a result of the plastic strains associated with the martensite transformation. 25, 26) It is also found that refinement of DP structure leads to a great improvement in strength level and adequate elongation. Nakada et al. 14) reported that chain-networked martensite grains surrounding ferrite grain prevent a propagation of strain localization to an adjacent ferrite grain. Thus, the chain networked structure of fine martensite grains shown in Fig. 4 may contribute to maintaining adequate elongation even in high strength level. In addition, the plasticity of martensite is considerably enhanced and the strength difference between ferrite and martensite is presumably decreased due to grain refinement, as reported by Calcagnotto et al. 10) Thus, stress and strain are partitioned more evenly between martensite and ferrite in the UFG material. This leads to less severe strain incompatibility at the ferrite/martensite interface, resulting in better interface cohesion. Therefore, by decreasing the grain size in DP steels better strain distribution within the microstructure would postpone the plastic instability or necking of the material to higher strains, i.e., higher uniform elongation is expected.
The effect of intercritical holding time on the UTS, YS, TE and UE of the 50 and 80% cold-rolled samples are shown in Fig. 10 . YS and UTS are changed by nearly the same trend for both rolling reductions. As can be seen, YS and UTS gradually increase with increasing the intercritical annealing time and rolling reduction. The strength of DP steels generally increases with decreasing dF, obeying the Hall-Petch relation, 27) and increasing VM. 28) However, the effect of VM is predominant. 29) Accordingly, the higher strengths of DP steels at higher rolling reduction and intercritical annealing times are mainly attributed to smaller dF and larger VM. Other researchers have observed that both the yield and tensile strength increased when the fraction of martensite increased [30] [31] [32] and the grain size of ferrite decreased. 10, 18) TE and UE also follow similar trend. However, the variation of elongation with annealing time and rolling reduction is different to that of strength: the elongation decreases with increasing intercritical annealing time and rolling reduction. The variations of dF and VM with intercritical holding time and rolling reduction, are responsible for lowering the ductility.
It also observed that variations of strength and elongation are much less pronounced at lower rolling reduction (50%). This can be related to the lower stored energy due to the lighter prior deformation. In addition, one of the key factors for controlling the mechanical properties of DP steels is carbon content of the martensite. Similar to others, 10, 17) the carbon concentration of the martensite phase (CM) was calculated by considering a balance between the overall carbon concentration of the steel and that of the constituent phases (6) where C and CF are the mean carbon content of the steel and ferrite phase, respectively. It was assumed that, upon water quenching, the ferrite keeps the carbon content that is present at 770°C temperature. Therefore, CF is assumed to be 0.015 wt.%, which is the supersaturated limit of the carbon in ferrite phase. Inserting the values of VM in Eq. (6) yields the martensite carbon contents, assuming that no cementite is present in the microstructure (by considering SEM micrographs in Fig. 4 and continuous yielding of stress-strain curves in Fig. 9 ). Figure 11 shows the variation of CM with VM. As can be seen, the carbon content of the martensite phase decreases 
by increasing VM. It is worth noticing that at lower values of VM, which are related to the 50% cold-rolled sample, CM decreases at higher rate. However, change in the CM at higher values of VM which are related to the 80% cold-rolled sample, is rather small. Therefore, it seems that for 50% cold-rolled sample, the contradicting effects of CM on the strength and ductility have undermined the effects of dF and VM.
The strength-elongation (UTS × UE) balance property of the specimens improved obviously after intercritical annealing compared to that of the as-received state (48.6 J cm -3 ). As shown in Fig. 12 , graphs of UTS and UTS × UE vs. UE has been plotted to compare the DP steels developed in this study with the DP steels from literature 6, 10, 12, 16, 18, 33) and commercial modern high strength automobile steel, DP980.
34) The steels shown in this representation are low carbon (varies between 0.05-0.20 wt.%) steels containing less than 2 wt.% Mn and less than 1.5 wt.% of other alloying additions. The results for DP structures in this study are comparable to those reported in literature. In addition, the mentioned mechanical properties of the newly developed DP steels along with the commercially used high strength DP980 steel, which is one of the highest strength automobile steels, clearly indicated the good potential of the new DP steels for application in automobile body structure.
Strengthening Mechanisms
Based on the microstructure model, the yield strength of AHSS can be predicted as follows: 35) ....................... (7) where σ0, σs, σg and σd are the strengthening effects caused by lattice friction stress, solid solution, grain refinement and dislocation, respectively.
The Peierls-Nabarro lattice friction stress is given by: 36) (8) where b is the Burger's vector, G is the shear modulus, ν is the Poisson's ratio and w is the dislocation width. Mao et al. 35) reported the lattice friction stress for the hot rolled Timicroalloyed steel at about 48 MPa. As it is difficult to measure the dislocation width accurately, and the width of edge dislocation is similar among AHSS, Kang et al. 24) used similar value (48 MPa) in their calculations. However, this equation is not for the poly crystal with the slip of screw dislocations. The estimation method of the Peierls stress has been modified by some researchers and the thermal activation has taken into account.
37) The estimation of the Peierls stress seems to be difficult actually. On the other hand, the change from the theoretical calculation to the literature data does not seem to change the value of the present work. Therefore, the lattice friction stress was set to a constant value of 50 MPa in the present study which is experimentally evaluated in the poly crystalline pure iron at room temperature. 38) The solid solution hardening can be expressed as follows: 39) ... (9) Therefore, the solid solution strengthening for ferrite is 201.3 MPa.
The grain refinement hardening effect can be described by Hall-Petch equation: 40) . ). According to Kadkhodapour et al., 25) the strength of the grain boundary layer was considered to be 35% higher than for the ferrite matrix. The dislocation density would be affected by the chemical composition and microstructural characterizations such as ferrite grain size and martensite volume fraction. To calculate the dislocation strengthening, the mean dislocation density was taken as 2.75 × 10 13 m -2 . Therefore, the σd value is 103.8 MPa.
According the previous calculation, the strengthening effects caused by lattice friction stress, solid solution, grain refinement and dislocation is significant, and all of them have a certain impact on yield strength and interact each other significantly. Thus, strengthening effects cannot be expressed as a simple linear relationship as follows: σy = σ0 + σs + σg + σd = 721.8 MPa Therefore, the yield strength of DP steel can be predicted as a modified root-mean-square relationship based on the Kang et al. 24) model:
.... (12) δ r is residual stress effect factor and is expressed as:
......................... (13) where VM and VF are the volume fractions of martensite and ferrite, respectively. Taking into account all the above-mentioned contributions, the calculated σy of the finest DP (2.25 μm ferrite grain size) steel is about 430.6 MPa which is in good agreement with the experimental value (422 MPa).
Conclusions
In this research, a series of DP steels were produced by cold-rolling of a martensite-ferrite duplex starting structure followed by intercritical annealing. Based on the results obtained, the following conclusions can be made: (1) Under the appropriate intercritical annealing conditions, the microstructure of DP steels consisted of nearly equiaxed fine ferrite grains and uniformly distributed martensite islands. The ferrite grain size and martensite volume fraction and hence its carbon content changed with increasing rolling reduction and intercritical holding time.
(2) In contrast to the as-received steel, all intercritically annealed specimens showed the typical characteristics of DP steels, i.e., continuous yielding, low yield ratio and high uniform elongation.
(3) The new DP steel (80% cold-rolled and intercritical annealed at 770°C for 12 min) showed an excellent combination of ultrahigh strength (~1 100 MPa tensile strength) and adequate ductility (~10.6% uniform elongation).
(4) The variation of ferrite grain size, martensite volume fraction and its carbon content with rolling reduction and intercritical holding time was responsible for mechanical properties changing.
(5) The developed DP samples showed superior strength-elongation balance in comparison with the DP steels from the literature.
(6) The results showed that the calculated yield strength of 430.6 MPa is reasonably close to the measured value of 422 MPa.
